Prior studies have demonstrated that adjuvant radiation therapy following mastectomy for breast cancer increases the risk of second primary esophageal cancer after 10 years, but the risk following breast-conserving surgery (lumpectomy) has yet to be determined. The authors used 1973-2000 data from the population-based Surveillance, Epidemiology, and End Results Program and estimated relative risks of 2.83 (95% confidence interval: 1.35, 5.92) and 2.17 (95% confidence interval: 1.67, 4.02) for squamous cell esophageal cancer at 5-9 and ≥10 years, respectively, following postmastectomy radiation therapy. This increase was mainly due to tumors located in the upper and middle thirds of the esophagus. No significant increase in risk was found for adenocarcinoma following mastectomy or for any type of esophageal cancer following lumpectomy. In summary, postmastectomy radiation therapy moderately increases the risk of squamous cell esophageal cancer starting 5 years after exposure, which persists after 10 years, with no increase in the risk of adenocarcinoma. This finding appears to be a function of the portals used for postmastectomy radiation therapy, which do not expose the lowest third of the esophagus, where adenocarcinomas commonly arise.
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Esophageal cancer is the sixth most common malignancy worldwide (1) but is significantly less common in the United States. In the past, the vast majority of cases have been of squamous cell histology, but, in recent years in the United States, about 75 percent of esophageal malignancies are adenocarcinomas, primarily located in the lowest third (1) . Both histologic types are associated with tobacco use, although squamous cell carcinoma has generally had a stronger association with cigarette smoking and alcohol consumption (2) .
History of irradiation has been linked to an increased risk of esophageal carcinoma. The first reports that linked radiation therapy with cancer of the esophagus appeared in the early 1960s, when several case reports described cases of esophageal cancer after regional radiation treatment for primary cancers of the head, neck, and chest (3, 4) . More recently, several reports described case series observed in various hospitals around the world (5) (6) (7) .
Several studies investigated the relation between doses from radiation therapy for primary cancer and noncancer diseases and the subsequent risk of esophageal carcinoma (8) (9) (10) (11) (12) (13) . In general, risks were increased twofold but tended to decrease over time.
There is a particular interest in the consequences of radiation therapy for breast cancer because of the large number of women who receive such treatment each year. The standard treatment for invasive breast cancer in the United States includes high, concentrated doses of radiation to the chest field and to the lymph nodes (about 40-60 Gy total) (14) . Initially, localized radiotherapy was combined with radical mastectomy, but, since the mid-1980s, many women undergo breast-conserving surgery (hereinafter referred to as lumpectomy) and whole-breast radiotherapy (15, 16) . Women irradiated before the mid-1980s received higher radiation doses to the lungs, contralateral breast, thoracic bone, and esophagus than women treated with lumpectomy. Tissues and organs situated close to the radiation field received higher doses, on the order of 1-4 Gy (17), which have been previously shown to cause radiogenic damage (18) .
In an earlier population-based, retrospective cohort study of 220,806 women in the Surveillance, Epidemiology, and End Results (SEER) Program diagnosed with nonmetastatic primary breast cancer between 1973 and 1993, we showed that the standardized incidence ratio of esophageal cancer after radiation therapy was 54 percent higher than in the general population (95 percent confidence interval (CI): 1.27, 1.84) (19) . Risk increased with time, reaching a standardized incidence ratio of 5.42 (95 percent CI: 2.33, 10.68) for esophageal squamous cell carcinoma 10 years after radiotherapy.
Our analysis was limited by a relatively short follow-up period ) and a small number of endpoints, which did not permit adequate subgroup analyses. At that time, lumpectomy and radiation therapy had not yet come into common use, and it was not possible to compare the effects of radiation therapy after mastectomy and lumpectomy. In the current study, we extended follow-up of the cohort with 8 additional years of data to confirm and extend our earlier findings on postmastectomy radiation therapy and also to investigate the impact of postlumpectomy radiation therapy on second primary esophageal cancer. Separate analyses were performed to evaluate the relation between radiation therapy and the histologic type of esophageal cancer as well as the location of the second esophageal cancer in relation to the primary field of irradiation.
MATERIALS AND METHODS
The SEER Program of the US National Cancer Institute collects cancer data routinely from designated populationbased cancer registries around the United States (20) , representing an estimated 10-14 percent of the US population. For all cases diagnosed between 1973 and the end of 2000 in nine geographic areas, information was available on demographics; the anatomic site of all cancers; their morphology, histology, and laterality; and the length of follow-up, primary surgery, and whether radiation therapy was performed. The SEER database does not include detailed data on radiation therapy, that is, information on dose or treatment protocol (use of wedge compensators or half-beam block leads to various scattering patterns and absorbed doses of radiation) (21) .
We identified all newly diagnosed cases of invasive nonmetastatic breast cancer registered in SEER between January 1, 1973, and December 31, 2000. We excluded cases diagnosed by autopsy or death certificate and those diagnosed without microscopic confirmation. In addition, we excluded breast cancer cases for whom type of surgery was unknown and those for whom radiation therapy was prescribed but it was unknown whether it was administered. The breast cancer was required to precede esophageal cancer in time. Using the SEER registry and a case number assigned to each patient (case numbers are not unique across registries), we linked the breast cancer and digestive cancer files to identify subjects with both breast cancer and esophageal cancer. We identified cases who developed a second or later primary esophageal cancer after an initial primary breast cancer during the 1973-2000 follow-up. Our cohort included only those subjects with nonmetastatic primary breast cancer because those with metastases have a short survival time and to exclude the possibility of misclassification of metastatic cancers as second primary cancers. Radiation therapy was dichotomized into "present" and "absent" and was treated as the main exposure of interest.
We defined cancers of the esophagus as those assigned International Classification of Diseases, Ninth Revision diagnostic codes 150.0-150.9 (22) . Cancers occurring in the cervical, thoracic, and abdominal parts of the esophagus were included in the upper, middle, and lower third categories, respectively. Squamous cell cancers were defined as those with histology codes 807 and adenocarcinoma with codes 814 (23) .
For each female patient with an initial invasive breast cancer, we calculated the time interval from 6 months after diagnosis until diagnosis of a new primary esophageal cancer, death, date last known to be alive, or cutoff date of December 31, 2000, whichever took place first. Cases of esophageal cancer occurring within 6 months of the primary breast cancer diagnosis were excluded to eliminate synchronous tumors.
We used the PROC PHREG procedure in the SAS statistical software package (SAS Institute, Inc., Cary, North Carolina) to estimate Cox regression models. Cox regression is a very robust, semiparametric method that easily incorporates time-dependent covariates, allows stratification, and is used for regression analysis of survival data (24) . The maximum partial likelihood method was used to estimate the hazard for each woman and the 95 percent confidence interval around the estimate. The hazard ratio for indicator variables is interpreted as the ratio of the estimated hazard for those with a value of 1 to the estimated hazard for those with a value of 0 (controlling for all other covariates). All p values presented in this paper are two sided.
The hazard ratios directly comparing irradiated breast cancer cases with nonirradiated cases were calculated separately for the mastectomy and lumpectomy groups. These ratios were calculated by stratification on patient age and calendar period at the time of diagnosis of the primary breast cancer, registry, and time since diagnosis. These variables were included in the models in the form of intervals (age: <40, 40-49, 50-59, 60-69, 70-79, 80-89, and ≥90 years; calendar period at the time of diagnosis: 1973-1979, 1980-1984, 1985-1989, 1990-1994, and 1995-2000 ; and time since diagnosis: 6 months-4 years, 5-9 years, and ≥10 years, respectively). We calculated hazard ratios for esophageal cancer overall and separately for the two major histologic subtypes (squamous cell and adenocarcinoma). In addition, we calculated hazard ratios for esophageal cancers originating in the different parts of the esophagus (upper third, middle third, and lowest third) in the mastectomy group. The hazard rate for the nonirradiated cases was used as a reference category.
RESULTS

Demographic characteristics of the mastectomy and lumpectomy groups
There were 433,272 subjects with an initial diagnosis of primary breast cancer registered in the SEER database between 1973 and 2000. Of 289,604 women with invasive nonmetastatic breast cancer whose diagnoses were confirmed microscopically, we further excluded 39,899 (13.8 percent) with missing or unknown information for surgery type and 5,081 (1.8 percent) for radiation treatment. Thus, our cohort for analysis consisted of 244,624 women with nonmetastatic invasive breast cancer who had survived at least 6 months after initial diagnosis. This cohort was divided into the 183,182 women in the mastectomy group, 14.6 percent of whom received radiation therapy (table 1) , and the 61,442 women treated with breast-conserving surgery (lumpectomy), 75.1 percent of whom received radiation therapy. Table 1 compares those who received radiation therapy with those who did not in the two study groups regarding several important demographic characteristics. In both groups, women who received radiation therapy were significantly younger than those who did not. The majority of women in the mastectomy group were diagnosed around 1985, while those who underwent lumpectomy were diagnosed around 1992. There was a significant difference in age at diagnosis between women who received adjuvant radiation therapy and those who did not, in both the lumpectomy and mastectomy groups. Cases with regional spread of breast cancer were treated with radiation therapy more often than cases with localized cancers (70 percent vs. 30 percent) in the mastectomy group, but this pattern was reversed in the lumpectomy group. In the mastectomy group, the average follow-up times were 9.1 years in the irradiated group and 9.8 years in the nonirradiated group, with 35 and 136 esophageal cancers subsequently diagnosed in each group, respectively. In the lumpectomy group, the average follow-up times were 7.3 years in the irradiated group and 6.1 years in Table 2 presents the results of analysis of the risk of second primary esophageal cancer following mastectomy or lumpectomy and adjuvant radiation therapy for different survival times. In the mastectomy group, risks tended to increase 5 years after treatment for primary breast cancer and remained elevated after 10 years. The increase in risk was limited to squamous cell esophageal cancer (relative risk (RR) = 2.83, 95 percent CI: 1.35, 5.92 for those who survived 5-9 years after breast cancer), with no significant increase for adenocarcinoma (RR = 1.65, 95 percent CI: 0.20, 13.49). There was no indication of any increase in risk in the lumpectomy group as a whole or for any individual histologic subtype of esophageal cancer.
Differences in risk of esophageal cancer due to radiation therapy by location of the second primary tumor Table 3 shows the main results of our analysis. It is evident that the risk of esophageal cancer was significantly increased in the mastectomy group after 5 years of follow-up. Irradiated women in the mastectomy group had a relative risk of 2.86 (95 percent CI: 1.50, 5.44) for developing esophageal cancer compared with nonirradiated women, controlling for age at diagnosis of the primary breast cancer and calendar time of initial diagnosis. This risk remained elevated with increased length of follow-up. Separate analysis of the mastectomy group for location of the second primary cancer showed that this increase was mainly for tumors located in the upper (cervical) and middle (thoracic) thirds of the esophagus, with risks of 9.09 (95 percent CI: 1.22, 67.74) and 2.54 (95 percent CI: 0.99, 6.50) in the survival interval 5-9 years after the initial breast cancer diagnosis, respectively. Risks remained increased 10 years after radiation therapy, although individual estimates were smaller and less stable because of small numbers. In contrast, the risk for the lowest (abdominal) third of the esophagus was only slightly increased 5-9 years after exposure (nonsignificant) and was not increased 10 years after the radiation therapy.
Distribution of esophageal cancers by treatment group, histologic type, and survival time Table 4 shows that there were significantly more squamous cell esophageal cancer cases in the mastectomy and lumpectomy groups (128 vs. 29 and 31 vs. 13, respectively) than esophageal adenocarcinomas. The preponderance of squamous cell esophageal cancers was also evident in the mastectomy group when the data were analyzed by location in the upper, middle, or lowest third of the esophagus (data not shown). In fact, 91 percent of cases of cancer located in the upper esophagus and 87 percent of cases of cancer located in the middle esophagus were squamous cell. In contrast, only 39 percent of cases of cancer in the lowest esophagus were squamous, while the majority (53 percent) were adenocarcinomas (figure 1).
DISCUSSION
We used the National Cancer Institute's population-based SEER database, which represents approximately 10-14 percent of the US population, to determine that there is a moderately increased risk of squamous cell esophageal cancer in patients treated with postmastectomy radiotherapy for primary breast cancer, confirming our earlier findings that radiation-induced squamous cell esophageal cancer develops after a substantial latency period (19) . In the present study, the risk of radiation-induced cancer started to increase 5 years after the radiation therapy and remained increased with increased length of follow-up. We showed that second primary esophageal carcinomas in the field of irradiation were primarily squamous cell (88 percent of cancers of the upper and middle thirds of the esophagus). We did not observe an increase in the risk of squamous cell esophageal cancer in the lowest third of the esophagus, which is situated in the abdomen and would have received substantially lower doses of radiation than the upper and middle thirds of the esophagus. The risk of adenocarcinoma following postmastectomy radiation therapy was small and not statistically significant.
The current study also compared the effects of radiation therapy for primary breast cancer on the subsequent risk of esophageal cancer in patients treated with mastectomy and with breast-conserving surgery (lumpectomy). We did not observe an increase in the risk of radiation-induced esoph- ageal cancer following lumpectomy plus radiation therapy in the group of patients who survived 5-9 years after radiation therapy, while we observed a threefold increase in risk in the postmastectomy group with similar follow-up time.
Our findings are supported by other studies. On the basis of data from the cohort of Japanese survivors of the atomic bombings of Hiroshima and Nagasaki, cancers of the esophagus have been conclusively linked to ionizing radiation exposure (25) . Women who survived the atomic bombings had an estimated dose of 0.236 Sv to the esophagus and were observed to be at increased risk of esophageal cancer later in life (excess RR = 2.03 per Sv, 95 percent CI: 0.39, 5.31) (25) . Recently updated information on mortality of atomic bomb survivors showed that excess relative risks continue to be significantly increased (18) . Analysis of incidence in the same cohort showed a similar sized, but nonsignificant increase in risk for women (excess RR = 1.83 per Sv) (26) .
Four cohorts have measured radiation doses and given estimates of incident esophageal cancer risk following radiation therapy. In general, excess relative risk estimates for esophageal cancer tended to be slightly lower than in the study of survivors of atomic bombings, but they were statistically compatible. In a study of ankylosing spondylitis patients, the mean dose to the area of the esophagus was 4.20 Gy for those receiving only one course of treatment and 5.55 Gy for all patients, while the mean dose to other organs was substantially lower (1.92 Gy) (8) . Significant increases in risk were seen for cancer of the esophagus and other cancers located in the radiation field (standardized mortality ratio = 1.94, 95 percent CI: 1.53, 2.42; excess RR = 0.17 per Sv, 95 percent CI: 0.09, 0.25). After 25 years, the increase in risk of esophageal cancer did not diminish. Griem et al. (9) showed that patients who received radiation therapy for peptic ulcer were exposed on average to doses to the esophagus of 2.28 Gy and were at increased risk of subsequent esophageal cancer (RR = 1.14, 95 percent CI: 0.2, 5.7). Extended follow-up of the same cohort 11-62 years after therapy showed that the risks were no longer increased (RR = 0.97, 95 percent CI: 0.17, 5.45) (10) .
In a large international study of survivors of cervical cancer, women treated with radiation therapy had a significantly increased risk of incident esophageal cancer compared with those who did not receive radiation therapy (standardized incidence ratio = 1.5, p < 0.05) (27) . Another study of the incidence of second primary cancers after treatment for cervical cancer by Kleinerman et al. (28) was based on 13 population-based cancer registries in five countries. It showed a similarly increased risk of esophageal cancer among women treated with radiation therapy (standardized incidence ratio = 1.6, p < 0.05).
A US (Massachusetts) cohort study of patients with tuberculosis who received multiple chest x-ray fluoroscopies during the course of lung-collapse treatment showed that, following an average dose to the esophagus of 0.80 Gy, female patients had significantly higher esophageal cancer mortality than the general population (standardized mortality ratio = 2.3, p < 0.05 for women) (12) . The risk was present mainly among 5-year survivors who received doses to the esophageal tissue of 0.5 Gy or more. On the basis of these data, Little (29) estimated an excess relative risk of 0.53 per Sv (95 percent CI: -0.22, 2.48) comparing irradiated and nonirradiated patients.
In the largest known study to date that analyzed the risks of esophageal cancer following breast cancer radiation therapy, we used data from the SEER database and showed that the risks of esophageal cancer after radiation therapy for primary breast cancer were significantly higher than would be expected based on the rates of esophageal cancer in the general population (19) . A total of 116 cancers were observed in this large cohort of more than 220,000 women over a period of 21 years. The risk of second malignant esophageal tumors increased with time and remained increased after 10 years.
The current analysis was based on the 219 cases of second primary esophageal cancer observed over a period of 29 years. Women were exposed to radiation as a result of radiation therapy treatment for their primary breast cancers. Several studies have shown that the average dose given to patients undergoing radiation therapy following mastectomy is 50-55 Gy (30, 31) . Inskip et al. (30) estimated that the mean absorbed dose is 15.2 Gy to the ipsilateral lung, 4.6 Gy to the contralateral lung, and 9.8 Gy to both lungs combined. Radiation therapy to the regional nodes adds to the radiation dose. Multiple studies report that the doses given in adjuvant radiation therapy following lumpectomy are similar in magnitude to the doses given to mastectomy patients (45-50 Gy to the entire breast with or without an additional [20] [21] [22] [23] [24] [25] Gy to the tumor bed (32, 33) ), but absorbed doses are much lower because of the physical barrier of the remaining breast tissue and new megavoltage treatments (34) (35) (36) .
Several randomized studies that investigated the effectiveness of radiation therapy in preventing breast cancer recurrence had accurately measured radiation doses (16, 37) . Overgaard et al. (37) in particular noted that internal mammary nodes in the four upper intercostal spaces were irradiated to prevent the recurrence of breast cancer. The current study shows that, as expected, the carcinogenic effect of radiation is limited to the upper and middle thirds of the esophagus, which receive much higher doses of radiation than the lowest third, which is situated in the abdomen. As a result, the increased risk is limited to squamous cell carcinoma since adenocarcinoma does not generally occur in the upper two thirds of the esophagus. Furthermore, this study shows that current methods of whole breast radiation therapy after lumpectomy produce considerably less radiation exposure to the esophagus and do not lead to an increase in the risk of esophageal cancer. Thus, we did not find an increased risk of esophageal cancer due to postlumpectomy radiation therapy based on the more than 10 years of follow-up since the widespread introduction of breast-conserving surgery in the mid-1980s.
The findings of this study are limited by the absence of information on cigarette smoking. A large SEER-based study showed that subjects with tobacco-related primary malignancies (lung cancer and head and neck cancer) had a much higher risk of developing second esophageal cancers (RR = 5.1 and RR = 38.8, respectively) (38) . Estimated risks were stronger for squamous cell carcinoma than for adenocarcinoma and were stronger for women compared with men. We could not exclude confounding by smoking in our data, but our analysis of the location of the esophageal cancers in this cohort shows that the risk of esophageal cancer was increased in only the upper and middle parts of the esophagus (close to the site of irradiation) and not in the lowest part (RR = 9.09 and RR = 2.54 vs. RR = 1.89, respectively, 5-9 years after radiation therapy and mastectomy). Thus, our findings are supportive of a true effect that cannot be explained by uncontrolled confounding by smoking.
Although we did not have information on alcohol consumption, which has been shown to be associated with esophageal cancer, it is unlikely that our results were confounded by this factor, as was shown above for smoking. We could not control for socioeconomic status, which affects diet and other related factors and has been shown to affect rates of esophageal cancer at the ecologic level (2) . One other possibility is that obesity acted as a confounding variable. Obesity is a known risk factor for adenocarcinoma of the esophagus but not for squamous cell carcinoma. While obesity is unlikely to offer a complete explanation, a future study in which information on weight and height is available would be desirable.
In addition, we did not have individual patient information on the specific types of radiation therapy, associated doses, and compensation methods used during radiotherapy. Absence of information on the individual doses did not enable us to investigate the form of the dose-response relation and to estimate the size of the risk associated with the unit of exposure. It is possible, therefore, that we underestimated the importance of ionizing radiation in the form of radiation therapy to the subsequent risk of squamous cell esophageal cancer.
Several studies have raised the issue of completeness of radiation therapy information in the SEER database. Du et al. (39) used the linked Medicare-SEER database to compare information on radiation therapy for women with breast cancer who were older than age 65 years in 1992. These authors found that more than 18 percent of women identified from the Medicare database as receiving radiation therapy within 4 months of initial therapy for primary breast cancer were not identified as such by SEER and that 7 percent of those identified in SEER as receiving radiation therapy were not identified as such by Medicare. Some of the reasons for the discordance in the radiation therapy information cited were missing information from the outpatient settings and radiation therapy received in out-of-state medical facilities. The proportion of false-positive results was much higher among patients with breast-conserving surgery than among patients with mastectomy. If indeed present, this would bias our results; however, we do not believe that it would have altered our finding of no increased risk of radiation-induced lung cancer after lumpectomy and radiation therapy.
Analysis of the SEER data was further limited by its inability to trace patients who moved away from the registration area. However, this finding would be equally applicable to both study groups and would most likely have led to an underestimation of the effects of radiation therapy. We also did not have information on the use of chemotherapy, which may have an impact on esophageal cancer risk. Fifteen percent of subjects were excluded from analysis because no information was available about their surgery type and/or radiation therapy or, if prescribed, if it was performed. This problem could have biased our results in either direction, but, because exclusions applied equally to mastectomy and lumpectomy groups, it is unlikely that they would have changed our primary findings.
In summary, this study has shown that postmastectomy radiation therapy for breast cancer, as practiced in the 1970s and 1980s, increased the risk of subsequent squamous cell esophageal cancer. No increase was observed for adenocarcinoma, presumably reflecting the absence of irradiation of the distal third of the esophagus, where adenocarcinomas typically arise. In contrast, postlumpectomy radiation therapy produces much lower radiation exposure to the esophagus and, as expected, does not increase the risk of subsequent esophageal cancer. New squamous cell esophageal cancers in women who received adjuvant radiation therapy after mastectomy should be evaluated as a possible second primary esophageal cancer. Patients and physicians should be aware that the history of such treatment appears to carry a threefold increase in esophageal cancer risk 5-9 years after radiation therapy. The risks are significantly higher for cancers located in the upper and middle thirds of the esophagus.
Our data indicate that average survival after second primary esophageal cancer is very short (a little more than a year; median, 8 months). However, in our cohort, the incidence of esophageal cancer following breast cancer was low at 9.65 per 100,000 person-years of observation. In view of these data, we do not think that additional screening of women who underwent mastectomy is warranted. We conclude, therefore, that clinicians need to weigh a threefold increase in the relative risk of squamous cell esophageal carcinoma, with a very small increase in absolute risk, against the proven benefits of radiation therapy in terms of treating the primary breast cancer. In particular, the choice between mastectomy and lumpectomy should be carefully evaluated. In addition, special care should be exercised in advising breast cancer patients to quit smoking, because previous research has shown that smoking multiplies the effects of irradiation (35) .
Further studies with more detailed information about radiation exposure, cigarette smoking, and alcohol exposure are needed to answer the question of the multiplicative effect of these exposures and to provide guidelines to physicians treating young women with breast cancer who smoke or drink.
